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Dynamic fracture of heterogeneous materials is investigated by measuring displacement fields as
a rupture propagates through a periodic array of obstacles of controlled toughness. We provide
direct evidence of crack speed jumps at the boundary of obstacles. Our experiments reveal that
such a discontinuous dynamics emerges from rate-dependent fracture energy, which combined with
inertia, allows the crack to cross a toughness discontinuity at constant energy release rate. The
rate-dependency, a direct consequence of the out-of-equilibrium nature of fracture phenomenon that
is often neglected, plays a central role in setting up homogenized toughness, leading ultimately to
increased resistance to failure.
Many biological materials, such as bone, nacre and
tooth, have intricate microstructures which are respon-
sible for remarkable macroscopic mechanical properties
[1, 2]. Carefully designed microstructures combined with
advances in micro-fabrication techniques allow develop-
ment of new materials with unprecedented properties [3–
7]. Unlike natural materials, which often have disordered
properties, these engineered materials feature periodic-
ity by design. Understanding how to harness small-scale
heterogeneities is necessary to achieve the desired macro-
scopic properties. For fracture problems, most of recent
research on homogenization focused on disordered mi-
crostructure, where randomly located obstacles roughen
the crack, causing toughening by collective pinning [8–
11]. Surprisingly, the periodic case has rather been ne-
glected in comparison with the disordered case and pre-
vious studies either focused on elastic heterogeneity [12]
or lacked experimental support [13].
To address fracture problems theoretically, one can
use the well-established framework of fracture mechan-
ics that builds from the seminal idea of Griffith [14, 15]:
a crack will propagate as soon as the rate of released elas-
tic energy GS balances the local fracture energy Γ (i.e.,
the rate of dissipation), generally assumed to be a mate-
rial constant. However, in periodic heterogeneous media,
this approach lets several questions unanswered. As GS
is a continuous function of crack length l, when the crack
faces a sudden drop in toughness there is an excess elas-
tic energy release rate GS > Γ. How is this energy dissi-
pated? As our experimental data will show, body inertia
is not the only mechanism that can balance the excess
of energy released [16, 17], and there exists a quasi-static
mechanism that allows the crack to leave tough obsta-
cles without having to reach speeds v = l˙ close to the
Rayleigh wave speed cR. The second issue relates to the
problem of a crack entering a region of larger toughness.
Only dynamic fracture mechanics would predict that the
crack crosses the interface into the (even slightly) tougher
obstacle. However, as our experiments will show, cracks
may not stop at the interface, if the incident speed is
larger than some critical speed. And here also, inertia is
not required as a quasi-static approach assuming v ≪ cR
suffices to capture this phenomenon.
In this Letter, we analyze these issues in depth through
the experimental investigation of crack propagation in
periodic heterogeneous media made of multi-material 3D-
printed polymers, that allow us to introduce toughness
discontinuities in the medium. While the elastic energy
release rate is constant as the crack faces a toughness
discontinuity, the speed at which the crack propagates
is observed to vary discontinuously. We study the am-
plitude of the speed jumps as the crack crosses the in-
terface between regions of different toughness and show
that it stems from rate-dependency of fracture energy
in both phases in addition to inertia of the medium.
Rate-dependent effects – features that result from the
non-equilibrium nature of fracture problems and that are
generally neglected [17, 18] – however, significantly affect
the effective toughness of periodic heterogeneous mate-
rials. Overall, our experimental observations show that
as soon as non-smooth material heterogeneities are con-
cerned, the description of fracture as an equilibrium phe-
nomenon is too limited, and rate dependency must be
taken into account.
Our experimental setup consists of a tapered dou-
ble cantilever beam, made of multi-material 3D-printed
polymers (see FIG. 1.a). The material heterogeneity is
achieved by selecting an obstacle material with higher
fracture energy compared to the matrix ΓO/ΓM ≈ 1.3.
By prescribing a constant crack mouth displacement rate
δ˙ ≈ 25mm/s the elastic energy in the system is gradu-
ally increased, until a planar crack initiates from a pre-
existing notch. The elastic energy release rate at initia-
tion is proportional to the bluntness of the notch, which
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FIG. 1. (a) Model heterogeneous material made of multi-
material 3D-printed polymers in a tapered double cantilever
beam geometry with applied forces F . The displacement field
u = (ux, uy) is measured in the area within the blue box by
digital image correlation every 4µs. (b) Closeup of the same
specimen shows two different materials in a periodic stripe
geometry. The transparent material constitutes the matrix
with width wM and the opaque (darker) one represents an
obstacle of higher fracture energy ΓO/ΓM ≈ 1.3 and lower
elastic modulus EO/EM ≈ 0.7 and width wO. (c) Closeup
of the dynamically propagating crack tip at l ≈ 35mm and
v ≈ 50m/s. The crack interface is slightly visible running from
left to center. A random speckle pattern is applied onto the
surface of the specimen, which is compared to its reference
pre-cracked configuration to find u. (d) Infinitesimal strain
εyy = ∂yuy (left) found by differentiating u. Approaching the
crack tip, εyy diverges. (e) Strain εyy found by assuming the
Williams eigenfunctions as basis for u.
we can tune to explore a range of initial crack speeds
from moderate up to 350 m/s ≈ 0.4cR. The crack prop-
agates then dynamically through a series of periodic ob-
stacles (see FIG. 1.b). During crack propagation no ad-
ditional energy is added to the system (δ is constant)
and the tapered geometry causes exponentially decay-
ing released elastic energy GS ∼ δ2e−l/l0 , where l0 is a
structural length scale directly related to the sample size.
Thus, the crack speed gradually decreases on average. All
properties are constant through the sample thickness and
the overall behavior is quasi-2D.
The crack dynamics is analyzed by measuring the near-
tip displacement field u using Digital Image Correlation.
A random speckle pattern is applied onto the surface
of the specimen (depicted in FIG. 1.c) and its tempo-
ral change is tracked using high speed photography. u
is found by minimizing the difference between the field
at a given time t mapped back to its pre-crack config-
uration [19]. The resulting infinitesimal strain field εyy
is depicted in FIG. 1.d. An alternative approach (see
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FIG. 2. (a&b) Experimental results for a specimen with
∆l/l0 = 0.28. (a) v undergoes abrupt deceleration (l =
{30, 40}mm) and acceleration (l = 35mm) when the crack
front is trapped and untrapped, respectively, at the interface.
(b) Discontinuities in Γ occur at trapping and untrapping
with higher values within the obstacle material. (a&b) The
solid black line is the solution of the equation of motion for
a crack (2). (c) Trapping: speed prior to entering the obsta-
cle vM is plotted versus speed immediately after vO. When
the approaching velocity vM < vc ≈ 130 m/s the front arrests.
(d) Untrapping: speed after exiting the obstacle vM is plotted
versus speed immediately before exiting vO. Speed jump am-
plitude does not depend on ∆l/l0 and is the same for trapping
and untrapping. (c&d) The dashed black line is the simplified
theoretical model (1). The solid black line is the full theoret-
ical model (3). Both models are symmetric with respect to
the direction of the dynamics, indicated by gray arrows.
FIG. 1.e) is the Integrated Digital Image Correlation
(IDIC) [20, 21], which assumes the analytical solution for
a singular crack in an infinite elastic medium, known as
the Williams eigenfunctions expansion [22], as basis for
u [19]. The first term of the series has singular strains
at the crack tip εij ∼ 1/
√
r, where r is the distance from
the tip and its amplitude is related to the stress intensity
factor K. Note that for both methods the amplitude of
ε is similar. IDIC has the advantages of precisely deter-
mining the crack tip position l and directly computingK,
from which, one can find the dynamic energy release rate
G = K
2
E A(v) that provides a measure of the dissipation
rate Γ at the crack tip [16, 19, 23].
A typical experiment is illustrated in FIG. 2.a&b. The
crack first propagates through the matrix material with
propagation speed v being maximum immediately after
initiation, then v gradually decreases as crack length in-
creases. v undergoes abrupt deceleration (acceleration)
as the front enters (leaves) an obstacle. Simultaneously,
Γ also abruptly increases (decreases). However, the rela-
tive jumps of the dissipation rate are significantly smaller
than the ones observed on crack speed. Eventually, the
crack arrests. All speed jumps at material discontinu-
3ities were studied for a collection of 30 experiments with
different period length ∆l/l0 and constant obstacle den-
sity β = w
O
wO+wM = 1/2. Jumps as the crack enters (trap-
ping) and leaves (untrapping) an obstacle are shown in
FIG. 2.c&d, respectively. Results show that the crack dy-
namics at the matrix/obstacle interface are independent
of obstacle width and are symmetric with respect to the
direction of propagation as trapping and untrapping are
described by the same vO(vM )-function. These imply
that the crack dynamics only depends on local fracture
properties.
In our experiments, failure mechanisms occur at time
scales 4 orders of magnitude smaller than the viscous re-
laxation time typical of PMMA [19, 24] so that an elastic
response of the sample can be safely assumed. Moreover,
the failure mechanisms are too fast for craze to develop
[25], making the fracture process essentially brittle. A
theoretical model based on Linear Elastic Fracture Me-
chanics (LEFM) is thus developed to interpret the ex-
perimental observations. As the crack advances, elastic
energy is released from the specimen and is in part dissi-
pated as fracture energy Γ to create new surfaces and in
part radiated away as elastic waves.
Neglecting first the second contribution, assuming
quasi-static crack propagation (v ≪ cR), a simplified
model for the speed jumps at the matrix/obstacle in-
terface is derived based on the balance of elastic en-
ergy release rate GS and rate-dependent fracture energy
Γ(v) ≈ Γ0 + γv. The velocity jump can be found by solv-
ing GS = ΓM (vM ) = ΓO(vO) leading to
vM − vO = ∆Γ0
γ
≡ vc, (1)
where ∆Γ0 = Γ
O
0 − ΓM0 is the jump in fracture energy.
This simple result highlights that (i) the velocity jump
vM − vO is roughly constant, independent of the in-
cident velocity, (ii) the jump amplitude is the same
for trapping (FIG. 2.c) and untrapping (FIG. 2.d) and
(iii) during trapping the velocity right after the interface
is vO = max(vM − vc, 0), thus revealing a critical inci-
dent velocity vc below which the obstacle causes crack
arrest. All these features are discernible from our ex-
perimental data and are captured fairly well by the
simplified model without any adjustable parameter (see
FIG. 2.c&d) as vc ≈ 120 m/s is derived from the tough-
ness contrast between matrix and obstacle material and
the parameter γ ≈ 0.2 J s/m3 that provides a measure of
the rate-dependency are both determined independently
from fracture tests performed on homogeneous specimens
(see FIG. S2 in [19]).
Even though it provides only a rough estimation of the
speed jumps, this minimal model reveals that crack can
enter and leave tough obstacles by adjusting their speed
to ensure a nearly constant dissipation rate Γ(v) = GS
imposed by the applied loading conditions. However, to
capture quantitatively the crack dynamics, a more refined
model is needed – the full LEFM equation of motion
for a dynamic crack. Analyzing the near-tip fields of a
steady-state dynamic crack, Freund [16] showed that the
energy release rate into the tip of a dynamic crack G(l, v)
is related to the energy release rate for a corresponding
static crack GS(l) by g(v), a universal function of v. The
crack tip energy balance provides the equation of motion
for a crack [19]
Γ(v) = GS(l)g(v) ≈ GS(l)(1− v/cR), (2)
which implies that within the framework of LEFM, a sub-
Rayleigh crack in an infinite medium has no inertia and v
adjusts instantaneously to fluctuations in Γ orGS [19]. In
addition, we use a more realistic kinetic law Γ(v), which
was derived considering the actual dissipative mechanism
taking place within the process zone [26] and that shows
a good agreement with our measurements (see (S04) and
FIG. S2 in [19]).
Knowing GS(l) and Γ(v), the equation of motion (2) is
solved numerically and quantitatively captures the evo-
lution of the crack speed and the dissipation rate as de-
picted in FIG. 2.a&b with no fitting parameter. The Γ
vs. v space shown in FIG. 3 is an alternative represen-
tation of the same experimental data. At initiation, the
crack abruptly accelerates to high speeds v ≈ 250m/s and
it then explores the Γ(v)-curve of the matrix material to-
wards lower speeds. GS(l) is constant at the boundary
between matrix and obstacle, and the discontinuity in
material toughness causes the speed jump to reach up
to the Γ(v)-curve of the obstacle material. The jump
amplitude is governed by the energy balance (2), which
requires Γ(v) = GSg(v) where GS is constant as depicted
by the gray arrow in FIG. 3. Thus, at a discontinuity
in material property the equation of motion of a crack
becomes
GS = ΓM (vM )/g(vM ) = ΓO(vO)/g(vO), (3)
which is a more rigorous version of equation (1)
but cannot be solved explicitly. The experimen-
tally observed velocity discontinuity at trapping and
untrapping is captured by (3) with no fitting pa-
rameter (see FIG. 2.c&d). The main features of
the simple model (1) are preserved: the thresh-
old arrest speed is vc ≈ ∆Γ0/(γ + ΓO/cR) ≈ 130m/s
and trapping/untrapping are described by the same
vO(vM )-function, which is now nonlinear. A parameter
study (see FIG. S3 in [19]) reveals that the speed jump
increases with the toughness discontinuity∆Γ0 , confirm-
ing (1). However, in the limit of small rate dependency
γ ≪ ΓO/cR, inertia starts to control the speed jumps,
that are then given by vM − vO ≈ ∆Γ0/ΓM (cR − vM )
and the corresponding condition for crack arrest becomes
v < vc ≈ ∆Γ0/ΓOcR.
How do such a trapping/untrapping dynamics impact
the effective fracture properties Γ¯ of periodic heteroge-
40  50 100 150 200 250 300
50
75
100
125
150
FIG. 3. Experimental results for the same specimen shown
in FIG. 2.a&b. Γ(v) is separated in two distinct clusters cor-
responding to the matrix and obstacle material. Red and
blue dashed lines are the consolidated fracture energy mea-
surements [19]. Black dash-dotted line and dashed line are
the rate-dependent fracture energy law [26] for the obstacle
ΓO(v) and matrix ΓM (v) materials, respectively. The solid
black line is the theoretical model based on (3) and corre-
sponds to the solution in FIG. 2.a&b. The transition from
one branch to the other is described by GS(l)g(v) which is
the equation of the gray arrows.
neous materials? The homogenized fracture energy Γ¯ is
computed by integrating over an interval ∆l of uninter-
rupted crack propagation starting at li, the beginning of
each matrix/obstacle period,
Γ¯(v¯) =
1
∆l
∫ li+∆l
li
Γ
(
v(l˜)
)
dl˜ (4)
As the fracture energy in each phase depends on crack
speed, the homogenized fracture energy depends on it
too, thus Γ¯ is reported as a function of the apparent
crack velocity v¯ = ∆l/
∫ li+∆l
li
v−1dl.
Let us first assume a clear separation ∆l ≪ l0 between
the micro-structural scale and the specimen scale. In this
simple case, it is possible to define intrinsic homogenized
fracture properties, decoupled from the specimen size and
the details of applied boundary conditions. Under this
assumption, GS remains constant during the entire crack
propagation. Thus, the local crack velocity and fracture
energy are constant within each material phase as de-
picted in FIG. 4.a (insets), which allows us to calculate
from (4) the dissipation rate
lim
∆l/l0→0
Γ¯ = βΓO(vO) + (1 − β)ΓM (vM ) (5)
and the apparent crack speed
lim
∆l/l0→0
v¯ = (β/vO + (1 − β)/vM )−1, (6)
where β = 1/2 is the obstacle density. Note that (6) is
a weighted harmonic mean, which is dominated by its
lower argument, vO, so v¯ is effectively lower than the
arithmetic mean (〈v〉 = βvO + (1− β)vM ). As a result,
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FIG. 4. Homogenization of fracture energy Γ¯(v¯) as function
of v¯, the average velocity. (a) Homogenized fracture energy
assuming the scale separation condition ∆l ≪ l0. The blue
and red dots represent the state of the crack within the two
materials, which are related by (3) depicted as a gray arrow.
The black dot is the corresponding homogenized state (Γ¯, v¯)
computed using (5) and (6). By varying GS one can derive
the entire homogenized fracture energy law Γ¯(v¯) (black solid
line in a&b). (b) Γ¯(v¯), measured experimentally using (4), is
depicted as colored circles for a range of∆l ≈ l0. Colored solid
lines are the theoretical solution for ∆l ≈ l0 derived using (4),
(2) [19] (theory and experiment colors correspond). (a&b)
Dash-dotted line and dashed line are ΓM (v) and ΓO(v) from
FIG 3.
the apparent kinetic law Γ¯(v¯) is shifted towards lower
speeds in comparison to the kinetic law Γ(〈v〉), leading,
in practice, to a resistance to failure Γ¯ larger than the
toughness spatial average 〈Γ〉 = βΓO(v¯) + (1− β)ΓM (v¯),
but lower than the obstacle toughness ΓO predicted by
rate-independent theory (see Fig. 4).
However, when comparing the infinite system size pre-
diction (5) and (6) to our experimental measurements we
observe higher effective toughness (see FIG. 4.b). The
interplay between the size of the heterogeneity ∆l and
the structural length scale l0 makes homogenization of
fracture properties particularly challenging. The emerg-
ing effective toughness depends on the ratio ∆l/l0, and
(5) and (6) only represent a lower bound of Γ¯(v¯). The
larger ∆l/l0, the higher the homogenized fracture energy
Γ¯(v¯), which can even exceed the toughness ΓO(v¯) of the
obstacle material. This additional toughening, related
to the structural problem with ∆l ≈ l0, is quantitatively
captured by the theoretical solutions for Γ¯(v¯), which we
derive from (4) and (2). But as we approach the other
limit ∆l≪ l0, the experimental toughness converges to-
wards the theoretical one, implying that, beyond crack
dynamics, the overall fracture resistance also is impacted
5by rate-dependent effects.
To conclude, our study shows that when a dynamic
crack reaches a toughness discontinuity, it will arrest
if it was slower than a threshold speed that is primar-
ily dependent on the toughness contrast and indepen-
dent of the topology of the microstructure (i.e., obsta-
cle thickness). If the crack penetrates the obstacle, it
reacts by instantaneously adapting its speed, which is
mediated by the rate-dependent fracture energy com-
bined with inertia. Finally, the heterogeneous material
presents an increased effective (homogenized) toughness
because of high fluctuations in crack speed between ob-
stacles and matrix, and the rate-dependent nature of the
fracture energy. Overall, our findings suggest that the
rate-dependency of fracture energy cannot be neglected
when considering failure in heterogeneous materials.
What are the practical implications of our findings for
material design? The crack arrest criterion in periodic
heterogeneous materials is derived in terms of a criti-
cal incident speed vc ≈ ∆Γ0/(γ + ΓO/cR) below which
an obstacle is capable of stopping a crack. It is worth
noting that this is a local mechanism, so even a very
thin obstacle can cause the crack to arrest. Thus, the
rate-dependent factor γ and the obstacle toughness ΓO
can be selected for designing flaw insensitive materials,
whose resistance to crack propagation – or ability to pre-
vent a crack to grow indefinitely – is directly proportional
to the obstacle toughness but independent of the obstacle
density.
The authors thank Dr. Thiago Melo Grabois and Dr.
Julien Scheibert for useful discussions.
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Experimental setup
Specimens are manufactured using multi-material 3D-
printing (Stratasys Objet260 Connex3). The matrix
material is VeroClearTM with fracture energy ΓM0 ≈
80 J/m2 when v = 0 m/s and Young’s modulus
EM ≈ 2.8 GPa, which is similar to polymethylmethacry-
late (PMMA). The obstacle material is VeroWhite-
DurusWhiteTM (ΓO0 ≈ 106 J/m
2
, EO ≈ 1.9 GPa), which
is tougher and more compliant. The force F is applied
near the crack mouth by an electromechanical testing
machine (Shimadzu AG-X Plus). We impose a constant
crack mouth displacement rate δ˙ = 25mm/s, until a pla-
nar crack initiates from a preexisting notch.
Dynamic crack propagation
In our experiments, failure occurs during τfailure =
l0/v ∼= 0.1 ms while the viscous relaxation time typi-
cal of PMMA ∼ 1s [1] so that an elastic response of the
sample can be safely assumed. In the present case, the
boundaries are far enough from the crack tip so that re-
flected waves do not affect the dynamics and the infinite
medium assumption holds. A theoretical model based on
Linear Elastic Fracture Mechanics (LEFM) is thus de-
veloped to interpret the experimental observations. The
dynamic energy release rate for plane stress configuration
is then given by
G(l, v, σyy) =
1
E
K2(l, v, σyy)AI(v) (S01)
where the function AI(v) is a universal function, in the
sense that it is independent of applied loading σyy or
geometry, andK is the dynamic stress intensity factor [2].
Assuming a semi-infinite crack in an unbounded linear
elastic medium subjected to time independent loading,
the dynamic stress intensity factor becomes
K(l, v, σyy) = k(v)K
S(l, σyy) (S02)
where k(v) ≈ (1− v/cR)/
√
1− v/cd is another universal
function and KS(l, σyy) is the stress intensity factor for
the equivalent static crack, which depends on geometry
and applied loading [2]. Thus, the dynamic energy release
rate G(l, v, σyy) is related to the static energy release rate
GS(l, σyy) by the universal function g(v):
G(l, v, σyy) = G
S(l, σyy)g(v), (S03)
which can be approximated by g(v) ≈ 1 − v/cR as illus-
trated in FIG. S1.
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FIG. S1. Universal functions of dynamic fracture mechanics.
(a) Experiments are performed at velocities v < 0.4cR where
the contribution of AI is small. (b, c) Contribution of k(v) is
non-negligible for the considered v.
Fracture energy based on dynamic stress intensity
factor measurements
The stress intensity factor is measured from the dis-
placement field, which means that the dynamic stress
intensity factor K(l, v, σyy) can be estimated. The dis-
sipated fracture energy Γ(v) = K
2
E AI(v) is determined
S2
from a crack tip energy balance, where AI(v) accounts
for the dynamic contribution of the energy release rate.
Rate-dependent processes occurring within the fracture
process zone are accounted for by considering a speed
dependent fracture energy model for speeds below the
micro-branching instability [3]. The fracture energy is
related to the surface energy γs and the process zone size
lpz(v) = K(l, v)
2/aσ2Y = K
S(l)2k(v)2/aσ2Y
Γ(v) = γs + ǫlpz(v)
= γs + ǫ
KS(l)2k(v)2
aσ2Y
= γs + ǫ
Γ(v)/AI(v)E
aσ2Y
which yields
Γ(v) =
γs
1− α/AI(v)
,
where α = ǫE/(aσ2Y ). Setting Γ0 = γ
s/(1− α) one finds
Γ(v) = Γ0
1− α
1− α/AI(v)
, (S04)
where Γ0 and α are material dependent fitting parame-
ters. Postmortem fracture surfaces are smooth and mi-
crocrack branching from the main crack is absent. All
experiments have crack velocities lower than the crit-
ical velocity for the micro-branching instability to oc-
cur. FIG. S2 shows the rate-dependent fracture energy
for a collection of 30 experiments on homogeneous sam-
ples and stripe geometry. From this study, it is found
ΓM0 = 80 J/m
2
for the matrix material and ΓO0 =
106 J/m
2
for the obstacle, α = 1.17 as in Ref. [3]. AI
depends on the elastic properties of the material, which
are EM ≈ 2.8 GPa for the matrix and EO ≈ 1.9 GPa for
the obstacle, ν ≈ 0.35 and ρ ≈ 1100 kg/m
3
are identical
for both materials. Assuming plane-stress condition one
finds cMR ≈ 900 m/s and c
O
R ≈ 730 m/s.
A simplified fracture energy model with linear depen-
dency on v is also introduced
Γ(v) = Γ0 + γv (S05)
where γO ≈ 0.22 and γM ≈ 0.17.
Equation of motion of a crack
The equation of motion of a crack is described by en-
ergy balance
Γ(v) = G(l, v, σyy) (S06)
where Γ(v) is the energy dissipated by a unit increment
in crack length and G is the dynamic energy release rate,
given in equation (S03). Note that v is first order in time
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FIG. S2. Measured Γ(v) for the matrix (a) and obstacle (b)
materials. Measurements on homogeneous samples are re-
ported as well as for stripes geometry with different stripe
widths. The dashed line is a moving average over an interval
∆v = 25 m/s. The solid line is the fracture energy model
(S04). The dash-dotted line is the simplified fracture energy
model (S05).
meaning that the crack has no inertia. The crack speed
adjusts instantaneously to the speed dictated by Γ and
G.
For a linear elastic 2D medium the strain energy is
Ω = F
2
2b λ, where F is the applied force, λ the compliance
and b is the specimen width. The static energy release
rate becomes
GS = −
∂Ω
∂l
=
F 2
2b
∂λ
∂l
. (S07)
For a displacement controlled system and accounting for
the compliance of the loading apparatus λm, the applied
force becomes F = δ/(λ+λm), where δ is the prescribed
displacement. The static energy release rate (S07) re-
mains unchanged but its rate of change is affected
∂GS
∂l
= −
F 2
b
(∂λ/∂l )2
λ+ λm
+
F 2
2b
∂2λ
∂l2
. (S08)
Because the first term in equation (S08) is always neg-
ative, a nonzero λm causes a larger ∂G
S
/
∂l compared
to the case of an infinitely stiff loading stage λm = 0.
S3
Thus, λm is destabilizing the crack growth. However,
∂GS
/
∂l < 0 keeps the crack velocities within the limits
prescribed by the image acquisition setup.
The experiments were performed at a constant pre-
scribed displacement rate dδdt = 25 mm/s. At typi-
cal propagation speed of ∼ 100 m/s, the crack breaks
the specimen in ∼ 10−4 s. The typical loading time
to reach the critical energy release rate for the crack
to start propagating is ∼ 10−1 s, hence the change in
δ during propagation is negligible ∼ 0.1%. An esti-
mate λm ≈ 0.75 µm/N is based on geometry and elastic
properties of the pins linking the specimen to the grips.
For comparison purposes, the specimen compliance is
λ ≈ 0.7 µm/N at initiation (l = 20 mm) and increases
exponentially with crack length, reaching λ ≈ 25 µm/N
at l = 60 mm.
For the tapered double cantilever beam geometry, λ(l)
is computed by means of finite element simulations, solv-
ing the 2D elasticity equations. The geometry is chosen
such that the compliance can be approximated by an ex-
ponential function
λ =
λ0
Eb
el/l0 , (S09)
where λ0 = 3.45 and l0 = 17.5 mm depend on specimen
geometry and b = 8 mm is the out-of-plane dimension,
which are all kept constant during this study and are
found by fitting equation (S09) to the finite element re-
sults. For evaluating the equation of motion for a crack
in FIG. 2, λ(l) was assessed from simulations in order
to capture details of the dynamics. For computing the
homogenized fracture energy in FIG. 4, equation (S09)
with λm = 0 was considered.
Trapping and untrapping dynamics
At a material discontinuity, continuity of GS(l) is en-
sured, which relates the velocity right before the disconti-
nuity v− with the velocity immediately after v+ through
GS =
Γ−(v−)
g(v−)
=
Γ+(v+)
g(v+)
. (S010)
Note that equation (S010) does not depend on the di-
rection of propagation but only on material properties.
Because a sub-Rayleigh crack has no inertia the trap-
ping and untrapping dynamics is symmetric Γ
O(vO)
g(vO)
=
ΓM (vM )
g(vM ) .
Parametric study is performed on the fracture law pa-
rameter α and fracture contrast ΓO/ΓM and Young’s
modulus. It is observed that α is not very sensitive in
the range of uncertainty (α = 1.17 ± 10%) as shown in
FIG. S3.b. Hence, the velocity dependence of the fracture
energy is non negligible. FIG. S3.c shows the effect of
fracture energy contrast that shifts the graph horizontally
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FIG. S3. Trapping and untrapping dynamics assumptions and
parametric study. The solid black line is identical throughout
the subplots and represents the solution used for compari-
son with experiments with parameters based on the material
characterization (see FIG. S2). (a) Full LEFM model (S010)
vs. simplified model (S011). (b, c, d) Parametric study for a
wide range of parameter space well beyond the uncertainties
of the measurements.
as the contrast increases. Increasing the Young’s modu-
lus causes a decrease in vO as depicted in FIG. S3.d. The
theoretical model in not very sensitive to E¯ in its range of
uncertainty (E¯ = 2.25± 0.2 GPa). E¯ is the homogenized
Young’s modulus, which is used to compute cR. E¯ for
such a striped composite (with the stripes oriented in the
tensile direction) equal to the Reuss bound, which is the
harmonic mean of the two moduli: E¯ = ( 12EM +
1
2EO )
−1.
From this parametric study it is concluded that fracture
contrast is the most important parameter.
Neglecting the contribution of the kinetic energy,
a simplified model for the speed jumps at the ma-
trix/obstacle interface is derived based on the balance
of elastic energy release rate GS and the simplified veri-
son of rate-dependent fracture energy (S05). The velocity
jump can be found by solving GS = ΓM (vM ) = ΓO(vO)
and assuming and average γ = 0.2.
vM − vO =
ΓO0 − Γ
M
0
γ
(S011)
Homogenization of fracture energy
The equation of motion of a crack (S06) is solved nu-
merically assuming GS(l) = GS0e
−l/l0 to find v(l) and
S4
the results are integrated to compute the homogenized
fracture energy
Γ¯ =
1
∆l
∫ li+∆l
li
Γ
(
v(l˜)
)
dl˜, (S012)
where li is the location of the start of a matrix phase
and ∆l = wO + wM . The mean velocity is v¯ =
∆l/
∫ li+∆l
li
v−1dl.
For vanishing obstacle size with respect to system size
∆l/l0 → 0 we recover a steady-state solution, where G
S
is constant over a crack advance ∆l. In this case the
homogenized fracture energy simply becomes
Γ¯ = βΓO(vO) + (1− β)ΓM (vM ) (S013)
and the average speed
v¯ = (β/vO + (1− β)/vM )−1 (S014)
where wO = β∆l and wM = (1− β)∆l.
Digital Image Correlation analysis
Digital Image Correlation consists in providing an esti-
mate measurement of the displacement field u at a given
time t based on correlating the deformed image f(x, t)
with its reference undeformed image f(x, t = 0), where
x is the spatial coordinate.
The basic principle is the conservation of gray level
f(x, t = 0) = f(x+ u, t), (S015)
from which a minimization problem can be set up:
u = argmin
∫
Ω
R(u)2dx, (S016)
where R(u) = |f(x, t = 0)− f(x+ u, t)| is the residual
and Ω the region of interest. In order to find the displace-
ment field u and inverse problem needs to be solved.
There are multiple appraches for solving the inverse
problem, the simplest of which being subdividing the do-
main in subdomains Ωi and finding ui by cross correla-
tion. In the current study different approaches have been
used: a global apporach and an integrated approach.
Global Approach: A global digital image correlation [4]
involves resolving u by minimizing R(u) over the whole
region of interest. u is approximated by
u(x) =
∑
uiφi(x) (S017)
where φi(x) are basis functions and ui the displacement
of each degree of freedom. In order to ensure algorith-
mic stability, a regularization term which penalizes high
gradients in u is introduced.
u = argmin
∫
Ω
(
R(u)2d + α||∇u||2
)
dx (S018)
Integrated Approach: The Integrated Digital Image
Correleation method [4, 5] uses the analytical solu-
tion for a straight crack in an infinite linear elastic
medium, known as the Williams eigenfunction expan-
sion rn/2ψn(θ), as basis for the trial displacement field
u =
∑
n a
I
nr
n/2ψIn(θ) +
∑
n a
II
n r
n/2ψIIn (θ) [6], where r is
the distance from the crack tip and θ the angle with re-
spect to the propagation direction. The superscripts I
and II stand for the mode of fracture, I being symmetric
with respect to the crack plane and II anti-symmetric.
Note that the terms for n = 0 are rigid body motions,
n = 1 represents the singular stress fields and discontinu-
ous displacements across the crack and are related to the
stress intensity factorK, higher order terms are governed
by boundary conditions. Crack velocity is slow enough
v < 0.4cR that the velocity dependence of the angular
functions ψn(θ, v) can be neglected [7].
The near-tip displacement field can be represented by
the first 10 terms of the expansion, which greatly reduces
the number of unknowns to be solved for. Thus, there is
no need for penalizing high gradients. Also, it automati-
cally accounts for the displacement discontinuity caused
by the presence of the crack.
The crack tip position is determined by considering
the location along the crack path where the first super-
singular term of the Williams expansion n = −1 vanishes.
This allows for precise measurement of the crack tip posi-
tion. The amplitudes aIn and a
II
n are obtained by solving
(S016).
Speckle Pattern: For correlating reference and de-
formed images over the region of interest surrounding the
crack tip [5], a speckle pattern was applied on the sur-
face of the specimen using aerosol paint. First, a homoge-
neous white coating is applied, followed by a black speckle
sprayed from a larger distance. The auto-correlation
length of the pattern corresponds to 4-6 pixels. Spline
interpolation of the gray-levels across pixels allowed for
sub-pixel displacement measurements. The pixel size is
45 µm.
Williams eigenfunctions expansion
Consider a polar coordinate system with origin at the
crack tip.
x− xtip + iy = re
iθ (S019)
The displacement field u = ux + iuy is a linear combina-
tion of the eigenfunctions
u =
∑
n
aInr
n/2ψIn(θ) +
∑
n
aIIn r
n/2ψIIn (θ) (S020)
S5
where
ψIn(θ) = κe
iθ n
2 −
n
2
eiθ(2−
n
2
) + (−1)ne−iθ
n
2 +
n
2
e−iθ
n
2
(S021)
ψIIn (θ) = i
(
κeiθ
n
2 +
n
2
eiθ(2−
n
2
) + (−1)ne−iθ
n
2 −
n
2
e−iθ
n
2
)
(S022)
where, for plane-stress conditions,
κ =
3− ν
1 + ν
, (S023)
with ν the Poisson’s ratio.
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